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The leakage current through high-permittivity perovskite thin films in the nanometer range is of great technological interest because of the possible applications of these insulating films in future submicroelectronic devices such as dielectrics in Gbit dynamic random access memories or gate oxides in metal-oxide-semiconductor field-effect transistors. The experimental result of decreasing leakage current with decreasing thickness of the dielectric for the same externally applied field can be described by using a model combining thermionic emission at the electrode/dielectric interface and a low-mobility, high-permittivity dielectric with low-permittivity layers at the interfaces, the so-called dead layers. Thin films of high-permittivity perovskite materials, represented by the ''model'' alloys SrTiO 3 ͑STO͒ and (Ba,Sr)TiO 3 ͑BST͒, are discussed as substitutes for lowpermittivity Si-oxide/-nitride ͑ON͒ films in future ultra-largescale integrated electronic circuits, e.g., as dielectrics in the capacitor of Gb-generation dynamic random access memory ͑DRAM͒ cells 1 or as gate oxides in metal-oxidesemiconductor field-effect transistors ͑MOSFETs͒.
2 One of the reasons for seeking replacements for the very thin ON films is the unacceptably high leakage current through these films resulting in charge, and thus in information loss in the DRAM or in a too high zero current of the MOSFET in the ''off'' state. Therefore, the understanding of the leakage mechanisms in perovskite materials also has an important technological aspect, especially the question of how the leakage current density in the these thin films will behave in the case of decreasing thickness.
Only a few results have been published in the literature on systematic investigations of the thickness dependence of the leakage current in perovskite thin dielectric films. 3 Recently, some very interesting experimental results have been published, 4 -9 all showing that the leakage current density at a fixed mean applied field, ͗E͘ϭU appl /t, decreases with decreasing dielectric thickness, t, in planar metal-insulatormetal capacitors. U appl is the externally applied voltage. All the groups used Pt for the metal electrodes and BST ͑with different compositions and deposition methods͒ for the dielectrics. An example is shown in Fig. 1 The dielectric thickness was varied between 14 and 111 nm, the leakage current experiments were usually performed at ambient temperature ͓room temperature ͑RT͔͒ with applied voltages of up to 3-7 V. Some characteristic results are plotted in Fig. 2͑a͒ versus the square root of the applied field, i.e., a ''Schottky'' plot. Using this plot most of the curves are linear over a wide range. Clearly, the leakage is lowest for the thinnest and highest for the thickest film at all fields.
In addition to the experiments at RT, we also investigated the thickness dependence of the leakage current at higher temperatures. It is worth noting that the minimum of the current-time curve ͑measured for 1000 s͒ was always used for the leakage current. An example is shown in Fig.  2͑b͒ for the test series at 425 K, which is probably above the highest temperature for the applications mentioned. The largest applied voltages were between 2 and 4 V. At a field of 300 kV/cm, for which all curves are in the almost straight region in this plot, the difference is more than three orders of magnitude between the thickest and thinnest specimens. The curves for the samples with thicknesses between the thickest and thinnest specimens have leakage currents in between, but their order is not as perfect for all fields. This behavior of decreasing leakage current with decreasing dielectric thickness has been observed for a wide range of Pt/BST/Pt capacitors with different deposition methods and parameters as well as for STO dielectrics, 10 although there are certain differences in the absolute values of the current densities and the form of the curves, which may be associated with the differences in material or treatment. Additionally, nearly all curves show large linear portions in the Schottky plot.
We recently published a model and corresponding simulation calculations 11 that quantitatively describe the currentfield curve of the 55-nm-thick specimen in Fig. 2͑b͒ . The same model can also predict the measured thickness dependence of the current-field curves presented in Figs. 1 and 2 as shown below. The major components of that model will be outlined briefly.
The dielectric film of thickness t between the ͑Pt͒ electrodes consists of three layers: the high-permittivity film, the ''bulk'' ͑thickness tϪ2a; permittivity film ), and a thin layer at each electrode/dielectric interface of thickness aӶt with a low-permittivity I Ӷ film ͑for convenience, the identical ''dead layers'' are assumed͒. All other properties ͑band-gap energy, mobility, defect densities, etc.͒ are identical throughout the film. It is described as a linear dielectric, and symmetrical electrodes are assumed. For the internal interface dead layer/dielectric film at xϭa and xϭtϪa, the steadiness of the dielectric displacement, D(x), is used.
As usual, within the dielectric, both the Poisson equation and the continuity equation with drift and diffusion terms have to be solved in the three regions of different r . For the three necessary boundary conditions we used the two barrier heights at the electrodes for the electric potential energy at the metal interfaces and the externally applied voltage ͑de-fined as the difference of the Fermi levels in the electrodes͒ connected to the sum of the potential drop ͑integral of the electrical field͒ inside the dielectric and a possible diffusion potential. Additional ''boundary'' conditions are used to describe the ͑electron͒ carrier injection from one metal electrode ͑cathode͒ into the dielectric and the carrier collection ͑i.e., recombination͒ at the other electrode, respectively, as suggested by the recombination velocity approach by Crowell et al. 12, 13 These latter conditions lead, first, to a nonequilibrium description of the current ͑quasi-Fermi level, Imref͒ and, second, to a current limitation by the injection/ recombination process, in this case electron injection over the barrier reduced by the Schottky lowering.
The differential equations cannot be solved analytically for the general case, but the resulting current density, j, follows an equation similar to that in the textbook by Sze, 14 also used by Baniecki et al., 15 except for the last term in the denominator:
͑1͒
e 0 is the elementary charge; v R ϭA*T 2 /e 0 N C is a recombination velocity;
12-14 N C is the effective density of states in the conduction band; A* the effective Richardson constant, i.e., the free electron value of 120 A/cm 2 K 2 possibly corrected by the effective electron mass ͑quantum-mechanical reflections are neglected͒; T the absolute temperature; k the Boltzmann constant, e 0 ⌽ B,cath eff is the effective barrier height at the injecting electrode ͑cathode for UϽ0), including the Schottky lowering, which is dependent on the square root of the field E(xϷ0); and U is the applied voltage (Ͻ0 for the cases shown͒. n 0,cath and n 0,anode are the effective electron concentrations at the electrode interfaces, respectively: v D is an effective ''diffusion'' velocity, [12] [13] [14] which cannot be calculated analytically for the general case:
͑3͒
⌽(x) is the electric potential within the dielectric and n is the electron mobility. Figure 3 presents the results of the finite difference method calculations of this model for the current density versus the applied electric field for various dielectric thicknesses at Tϭ425 K, once again as a Schottky plot. The parameters used are given in Fig. 3 . Only the donor density, N D , the equilibrium barrier height, ⌽ B , and the ratio of dead layer thickness to the dead layer permittivity (a/ I ) are adjustable parameters. For the fitting of the 55 nm sample in Fig. 2͑b͒ slightly different values were used. 11 Clearly the currents are smallest for the thinnest ͑10 nm͒ and highest for the thickest ͑250 nm͒ samples. This order is true for all applied fields. At the applied field of 200 kV/cm, the current ratio between the 15 and 100 nm samples is, for example, 500 compared to about 1000 in Fig. 2͑b͒ for the 20 and 109 nm samples at the same field.
The thickness dependence of the terms in Eq. ͑1͒ will be discussed. The numerator represents the Schottky current of two back-to-back Schottky diodes. For e 0 UӷkT this value approaches the usual Schottky injection current limit. This already is realized at lower fields for thicker samples ͑as U ϭEt). The main factor in the Schottky current is the Schottky lowering in the effective barrier height connected to ͓E(xϷ0)͔ 1/2 . Its thickness dependence is shown in Fig. 4͑a͒ for several cases calculated with the same parameter set as in Fig. 3 . At constant field ͗E͘ϭ2ϫ10 5 , the enhancement factor of E(xϷ0) compared to ͗E͘ is more than 2 for 10 nm and more than 20 for 250 nm, leading to much enhanced Schottky current limits for thicker samples ͑see Fig. 3͒ . This thickness dependence is observed for all fields and is due to the field redistribution because of the dead layers. For constant voltage the dependence is different: at 1 V ͑roughly corresponding to the voltage in DRAM applications͒ E(x Ϸ0) is nearly independent. At smaller voltages the model shows the thinner the sample, the lower the Schottky limit, and at larger voltages the situation is reversed.
The Schottky injection current limit, the numerator in Eq. ͑1͒, may be reduced by ''bulk'' properties, e.g., the electron mobility. This is expressed in the denominator. Only if the denominator approaches unity, is the current interface limited. This holds for v D ӷv R ͑the third term is negligible for most cases͒. Due to the low mobility in BST, usually, v D (ϰ)Ӷv R , i.e., there is always a reduction factor compared to the ͑Schottky͒ current limit. Hence, the current is bulk limited. This is demonstrated in Fig. 4͑b͒ . In case of constant field conditions the reduction factor increases with decreasing thickness, which is true for all fields. At constant thickness it increases with decreasing voltage. The factor is much larger for thinner samples, up to 100 for the thinnest samples shown. For large voltages (Uу1 V), the thickness dependence is small, for smaller voltages (UϽ1 V) the reduction factor is in favor of thinner samples, i.e., smaller leakage.
In conclusion, the experimental observation of decreasing leakage currents in Pt/BST/Pt capacitors with decreasing dielectric thickness can be modeled by bulk-limited conduction with dead layers at the electrode interfaces and interface injection as boundary conditions.
